The effect of the angle of dual slots on an air flow field in melt blowing was researched via numerical simulation. Through establishing the geometric model of air flow field in melt blowing with dual slots, meshing, designating the boundary conditions and their parameters and numerical simulation, the result illustrates the influence of the angle of dual slots on the variations of air velocity, pressure and temperature distributions. Higher peak values of air velocity, pressure and temperature are obtained with larger angles of dual slots near the die, while only a few differences of these parameters are detected away from the die. Our results demonstrate the angle of 70° is the appropriate one that can produce the finest fibers.
Introduction
Melt blowing (MB) is a single-step process used to generate fibers or their nonwoven mats from a polymer melt. In this process, an air jet is main cause that changes the polymer melt into the fibers, only a few reports related to the form or the distribution state of the air jet have been reported (1) (2) (3) (4) (5) . In MB, the symmetrical air jets of dual slots are common, which has been used widely in MB theory (6) (7) (8) (9) (10) and commercial production (11) (12) (13) . The characteristic of MB with dual slots is as follows. When the polymer resin materials are extruded from the fine capillary, they are impacted upon by two hot air jets of high-velocity immediately. The polymer melt is attenuated into the fibers quickly and laid on the collection screen. In MB with dual slots, the angle of dual slots is an important parameter, which has extreme effects on the fiber diameter and the quality of fiber-web. In Wente's study it was suggested that the smaller angle of dual slots led to finer fibers, easier fiber entanglement and accompanying worse fibrous webs, and vice versa. However, the bigger the angle of dual slots was and the thicker the fiber diameter was, the smaller the cohesive probability between fibers and the better the quality of fiber-web was. Up to now, the angle of dual slots in most of the reported theoretical research and MB practice was 60° without interpretation.
In this paper, we focus on the relationship between the angle of dual slots and the parameters of an air flow field. Mainly, the study examines the effect of the angle of dual slots on air flow field. Finally, the appropriate angle was obtained to be used for the finer fibers. By the numerical simulation method, the air flow fields are simulated first, then the results are analyzed by comparison.
Numerical procedures
A similar die configuration used by Harpham and Shambaugh (HS) (see Figure 1 ) (15) is also employed in our simulation work. For the simulation, as with the HS experiments, the head width between dual slots is set at a = 2.02 × 10 -3 m, the slot widths of the die is set at e = 0.56 × 10 -3 m and the slot height is set at h = 5.00 × 10 -3 m. The angle of dual slots are set at 0°, 20°, 40°, 50°, 60°, 70°, 80°, 100° and 120°, respectively. In the following, the angle of 60° is an example to show the numerical procedures.
The space under the die is considered as the computational domain. To simplify computation or calculation, the calculation domain was half of the total air flow field (see Figure 2 with a default setting. k-ε turbulence model is selected as a turbulence calculation, and the turbulence parameters C e1 and C e2 are adopted as 1.24 and 2.05, respectively, as used by Krutka et al. (15) . The inlet and outlet boundary parameters are also based on the study of Krutka et al. (15) who performed MB experiments to verify these parameters. Finally, we set the turbulence specifications of the inlet boundary as an intensity of 10% and the hydraulic diameter the same as the slot width. The turbulence intensity is 10% and the length scale is 10 mm at the pressure outlets.
The commercial software FLUENT 6.3 (Fluent Inc., USA) is used for simulation in this article. Figure 3 shows the effect of the angle between two slots on the velocity distribution at the centerline. Figure 3A shows the whole curves. Figure 3B shows a part of the curves closer to the die head and Figure 3C displays the part of the curves further from the die head. As shown in Figure 3A , all the curves had a similar profile, which is in line with the literature (15) . As can be seen, the closer to the die head, the larger the angle, and the higher the peak value of the air velocity (see Figure 3B ). A highest peak value appears when the angle is 120°. And the curves of 100°, 80° and 70° also exhibit similar peak values. In the distance further from the die head, the closer the angle is to 70°, the higher the air velocity is (see Figure 3C ). Obviously, a highest velocity value is observed in the curve of 70°. The reasons for this phenomenon could be explained as follows. When the angle is smaller than 70°, there appears to be a slight convergence of the two jets with the increasing of the angle value. When the angle is higher than 70°, the increase in the angle value leads to the degree of violent collisions between two air jets. The more violent the collision is, the more the energy consumption is. So, the result suggests that there is the biggest velocity value when the angle is 70°. Also, Figure 3B shows the development of the initial velocity, which is called "three zones" as mentioned in literature (15) . The first zone, which is immediately below the die, exhibits the negative velocity values and less positive velocity values. The second zone, which is further below the die, is a zone where the velocity values are larger than that in the first zone. Finally, the third zone is where the velocity values are larger than that in the front two zones. 0°2  0°4  0°5  0°6  0°7  0°8  0°1  00°1  20°0°2   0°4  0°5  0°6  0°7  0°8  0°1  00°1  20°0°2   0°4  0°5  0°6  0°7  0°8  0°1  00°1 In melt blowing, air velocity is the main cause of the fiber attenuation. Therefore, from the point of air velocity, we can infer that the angle of 70° is the appropriate parameter that can produce finer fibers. Figure 4 illustrates influence of the angle of dual slots on air pressure distributions at the centerline. Figure  4A shows the whole curves. Figure 4B shows part of the curves closer to the die head and Figure 4C shows part of the curves further from the die head. As can be seen, the effect of the angle on air pressure is almost the same as that on the velocity. In the distance closer to the die head, the larger the angle is and the higher the peak value of air pressure is; in the distance further from the die head, the closer the angle is to 70°, the larger the air pressure is. So, there is the highest pressure peak value in the angle of 120° near the die and the largest pressure value in the angle of 70° farthest from the die. Our analysis demonstrates that the largest total pressure value is obtained by slots with an angle of 70°. From our previous work (4), although air pressure has no effect on the fiber attenuation directly, air pressure can affect the fiber attenuation through changing the crosssectional shape of the fiber. The changing degree of the cross-sectional shape will directly affect the contact area between the air jet and fiber. The larger the contact area, the larger the drag force on the fiber. So, from the point of air pressure, we can also infer that the angle of 70° is the appropriate parameter that can generate the finer fibers. Figure 5 gives the profiles of the temperature distributions in different angles of dual slots. Figure 5A shows the whole curves. Figure 5B shows part of the curves closer to the die head and Figure 5C shows part of the curves further from the die head. As can be seen, the effect of the angle on the temperature is similar to that on the air velocity and pressure. In the distance closer to the die head, the larger angles of the dual slots cause the higher peak values of the air temperatures; in the distance further from the die head, the larger angles lead to the lower air temperatures. So, there is the highest temperature peak value in the angle of 120° near the die and the highest temperature value in the angle of 0° farthest from the die.
Simulation results and discussions

Air velocity distribution along the centerline
Air pressure distribution along the centerline
The temperature distribution along the centerline
We know well that air temperature also has no direct effect on the fiber attenuation. The way that the temperature affects the fiber attenuation is through changing the liquidity of polymer melt. If the polymer melt is easily affected by 0°6  0°7  0°8  0°1  00°1  20°0°2   0°4  0°5  0°6  0°7  0°8  0°1  00°1  20°0°2   0°4  0°5  0°6  0°7  0°8  0°1  00°1  20°F igure 4: Effect of the angle between two slots on the velocity distribution along the centerline. (A) The total distribution curves of pressure, (B) the distribution curves of pressure near the die (0-1 cm), and (C) the distribution curves of pressure farthest from the die (9-10 cm). 0°5  0°6  0°7  0°8  0°1  00°1  20°2   0°4  0°5  0°6  0°7  0°8  0°1  00°1  20°0°2   0°4  0°5  0°6  0°7  0°8  0°1  00°1  20°F igure 5: Effect of the angle between two slots on the temperature distribution along the centerline. (A) The total distribution curves of temperature, (B) the distribution curves of temperature near the die (0-1 cm), and (C) the distribution curves of temperature farthest from the die (9-10 cm).
temperature, the profiles of temperature distribution can help to make the finer fibers. The changes in angles will give rise to the changes in energy dispersion along the centerline.
Air energy dispersion does not benefit from the constant temperature along the centerline. From the point of air temperature, we can also infer that the angle of 0° is the appropriate parameter that can manufacture the finer fibers.
From all the simulation results above, we can know that changes in the angle of the dual slots can bring about changes in the velocity, pressure or temperature along the centerline. Although near the die head the peak values of the velocity, pressure and temperature are all at the angle of 120°, yet these peak values and the values in the angle of 70° are almost the same. In the area far from the die head, slots with an angle of 70° could generate the highest velocity, pressure or temperature. In general, we believe that there are the bigger parameter values of air flow field at the angle of 70°.
The formation of air flow is a directly reason for this phenomenon. Air flow field is formed by the interaction of two symmetrical air jets coming from dual slots. Although the mechanism for the interaction between two air jets is complicated, we can obtain the effects of the angle of dual slots on the air flow field from the viewpoint of mechanics. In the following, the velocity is an example to explain how the changes in angles cause the variations of the air flow field.
Each velocity vector can be separated into two components along the perpendicular direction. One component is parallel to the centerline (called the parallel component here) and another component is vertical to the centerline (called the vertical component here). The vertical component is counteracted by the vertical component of another air jet, and is not useful to the total velocity at the centerline directly. So, the parallel component is a vital contributor of the total velocity. The changes in angles lead to the changes in the two components. When the angle is lower than 70°, the increase in the angle benefits the combination of the two jets directly, which increases the velocity at the centerline. When the angle is higher than 70°, the increase in the angle brings about the decreasing of the parallel component and the increasing of the vertical component. Thus, the velocity value decreases at centerline. So, the final result is that the biggest velocity value occurs when the angle is 70°. Similarly, the effect of the angle on the other two parameters of the air flow field (the pressure and the temperature) can be analyzed as above. Similar results can also be obtained. In summary, the biggest pressure and the temperature of air flow field appear at the angle of 70°.
In the fiber attenuation, Bansal and Shambaugh (16) pointed out that more than 96% of the total drop in fiber diameter occurred at 1.5 cm below the die. From the simulation results, we can see easily that in most of the limit of 1.5 cm from the die, bigger parameter values of air flow field are formed when the angle of the slots are 70°. So, we can infer that the MB setup with a slot angle of 70° can manufacture finer fibers. The angle of 70° is the appropriate parameter for finer fibers.
Conclusions
In this article, the air flow field along the centerline in MB with dual slots was studied by the numerical simulation method. The conclusions are as follows. 1. The changes in angle of dual slots can cause the changes in air flow field at the centerline. In the distance closer to the die, the larger angle of slots produce higher peak values of air velocity, pressure and temperature. In the distance farthest from the die, air velocity and pressure of air flow is increasingly rising with the angle approximating to 70°. 2. The angle of 70° is the appropriate parameter for producing the finer fibers.
